Microbiologists are often interested in monitoring functionally or phylogenetically related microbial species amidst the hundreds or thousands of species that occur in natural environments. In such cases, gene sequences from members of the group of interest can be obtained by PCR amplification, and the diversity of sequences within the amplified mixture can be either determined directly by cloning and sequencing or assessed indirectly by mutation scanning techniques. Cloning and sequencing provide the most definitive information. However, for comparative analysis this approach is often suitable for only one or a few samples due to the expense and the large number of clones required for adequate characterization of complex assemblages (12). Scanning techniques such as single-strand conformational polymorphism analysis, denaturing gradient gel electrophoresis (DGGE), and terminal restriction fragment (TRF) analysis offer less resolution than cloning and sequencing but enable rapid analysis of large sample sets by assessing the diversity of thousands of individuals (from a sample) in a single profile.
Microbiologists are often interested in monitoring functionally or phylogenetically related microbial species amidst the hundreds or thousands of species that occur in natural environments. In such cases, gene sequences from members of the group of interest can be obtained by PCR amplification, and the diversity of sequences within the amplified mixture can be either determined directly by cloning and sequencing or assessed indirectly by mutation scanning techniques. Cloning and sequencing provide the most definitive information. However, for comparative analysis this approach is often suitable for only one or a few samples due to the expense and the large number of clones required for adequate characterization of complex assemblages (12) . Scanning techniques such as single-strand conformational polymorphism analysis, denaturing gradient gel electrophoresis (DGGE), and terminal restriction fragment (TRF) analysis offer less resolution than cloning and sequencing but enable rapid analysis of large sample sets by assessing the diversity of thousands of individuals (from a sample) in a single profile.
Heteroduplex analysis is a sensitive scanning technique for documenting differences between closely related sequences (14, 17, 20, 32, 38, 40, 46) . In fact, a temperature-modulated, high-pressure liquid chromatography version of the basic heteroduplex method is rapidly becoming a tool of choice for discovering variation caused by single nucleotide polymorphisms (SNPs) (4, 19, 23, 30, 48) . Heteroduplex analysis is a combination of DNA probe hybridization and electrophoresis. Hybridization of a probe with a complementary, nonidentical target creates heteroduplexes (duplexes with mismatches) that can be resolved from homoduplexes (perfectly matched duplexes) by electrophoresis through a gel that separates DNA molecules according to length and shape (7, 11, 25) . Nucleotide mismatches that sufficiently distort the shape of a DNA molecule reduce the electrophoretic migration rate. Since more mismatches generally produce more distortion, the location of a heteroduplex in an electrophoretic profile coarsely reflects the relative similarity of the target sequence and probe (15) .
Heteroduplex analysis has been widely used in viral epidemiology (5, 11) and analysis of human genetic disorders (14, 18, 23, 32) . The method has also been used to identify genetic differences in closely related microbial strains (10, 15, 21, 24, 33, 37, 43, 45) and to assess the similarity of sequences in clone libraries (8, 16) . However, use of the method has been largely confined to analysis of purified targets, or, in other words, pairwise comparisons of a double-stranded reference sequence (a probe) with a double-stranded sample sequence (target). In such pairwise comparisons, each profile typically contains two heteroduplexes corresponding to the distinct molecules formed by the sense and antisense strands of the target. This feature greatly complicates analysis of complex sequence mixtures (15) but can be circumvented by the use of fluorescent chemistry.
Here we describe a fluorescent heteroduplex method suitable for analyzing sequence mixtures. We applied the method to analysis of amplified rDNA to assess the presence of Bacillus anthracis and close relatives in environmental samples. Preliminary analysis of 16S rRNA gene sequences from a variety of B. anthracis, Bacillus cereus, and Bacillus thuringiensis isolates showed that a single polymorphism at position 980 differentiated B. anthracis from most B. cereus and B. thuringiensis strains. The region of the 16S gene containing this polymorphism was successfully used for heteroduplex analysis.
EDTA-3% blue dextran, and 0.25 l of ABI GeneScan TAMRA [6-carboxytetramethyl-rhodamine] 2500 size standard). The samples were loaded onto a 0.48ϫ concentration of mutation detection enhancement (MDE) gel (FMC Bioproducts, Rockland, Maine) containing 0.6ϫ Tris-borate-EDTA buffer. Electrophoresis was performed with an ABI 377 DNA sequencer in GeneScan mode at 3,000 V and 40°C with 0.6ϫ TBE buffer for 3.25 h. ABI GeneScan analytical software version 3.1 was used for data collection and fragment analysis. Analysis parameters included the use of a peak detection threshold of 25 fluorescence units, peak minimum half-width of 5 points, local Southern sizing method, and rightmost split peak correction.
Clone libraries. 16S rRNA gene fragments amplified with the primers Bac629F and Bac1092R from a New Mexico soil DNA sample were cloned into E. coli by using a TOPO-TA cloning kit. A set of 96 white colonies grown on selective medium were transferred to 96-well plates containing 15% glycerol for storage at Ϫ70°C. Plasmid DNA was extracted for cycle sequencing reactions. The 16S rRNA gene fragment insert in each plasmid vector was sequenced by using primer T3, Big-Dye terminator cycle sequencing reagents (ABI), and a 3700 capillary DNA sequencer (ABI).
DNA sequence analysis. Clone library sequences and 16S rRNA gene sequences from nearest neighbors were aligned using the Ribosomal Database Project (RDP) sequence alignment tool (27) and visually inspected for alignment errors. Phylogenetic analysis of the aligned sequences was performed with PAUP software (42) . A distance matrix consensus tree was constructed by bootstrap analysis with 100 replicates of heuristic searching, 10 rounds of random sequence addition per replicate, and global branch swapping with the tree-bisection-reconnection algorithm. All best trees were saved.
To evaluate the relationship between heteroduplex migration and sequence variation, variation between the heteroduplex probe and 40 target sequences was compared in three ways. First, the total number of mismatches between the probe sequence and a given target sequence was determined from pairwise alignments of probe and target sequences. Second, genetic distance values were obtained with the RDP PHYLIP (3.5c; J. Felsenstein) tool (27) by using the Kimura two-parameter algorithm for calculation of a distance matrix. Third, heteroduplex migration was predicted by calculating distortion scores based on the postulated effects of mismatch types and the modulating impact of mismatch location and local melting temperature (T m ).
To calculate distortion scores, five steps were followed. First, a mismatch effect vector, M, was constructed for each DNA sequence. The position and types of mismatches in pairwise alignments of probe and target sequences were catalogued in a Microsoft Excel spreadsheet. Each type of mismatch (12 total) and two types of clustering effects (three or more contiguous mismatches or 5-to 8-bp regions containing mismatches separated by 1 bp or less) were assigned numerical scores indicating their relative impact on duplex distortion (see Table 1 ). Complementary base pairs were assigned a score of 0. With these values, each heteroduplex sequence was then converted to a vector, M, in which each sequence position was represented by a number indicating the degree of distortion expected due to the type of mismatch present.
Second, a location scaling vector, L, consisting of weight values between 0 and 1, was created to modulate the effects of mismatches based on their proximity to the end of the DNA sequence. Several different location scaling vectors were constructed and tested in this study. The most effective vector was constructed by considering changes in the length of a DNA strand (i.e., the shortest distance between ends) as a bend migrates from the midpoint to one end of the strand. For convenience, a 90°angle was considered, so that changes in the length of the hypotenuse (the direct distance between DNA ends) could be easily calculated with the Pythagorean theorem. Location weights were expressed as fractions of the maximum distortion that could occur (i.e., by placing a bend at the midpoint of the DNA fragment), or in other words, as actual fragment length reduction divided by maximum fragment length reduction. The location scaling vector was expressed mathematically as follows: 
, where T mi is the local T m for a given sequence position i and T mmax and T mmin are empirically selected maximum and minimum threshold values for the transition range (i.e., a range of T m s across which mismatches are postulated to exert differential effects on a DNA duplex). A transition range of 48°C (the lowest local T m in the B. anthracis 16S rRNA sequence fragment) to 61°C was selected as an optimal range for analysis of the sequences used in this study. Negative weights in the T m scaling vector were set to zero. As a result, mismatches at locations with local T m s greater than 59.8°C were represented as having no detectable effect on duplex distortion.
Fourth, the vectors M, T, and L were multiplied to obtain a product vector, and the product vector was summed to obtain the net distortion score, d. This yields
where i is the vector position (or sequence position) and l is the vector length.
The predicted migration of a given heteroduplex was calculated by adding the distortion score to the average migration of the homoduplex (461 base pair equivalents [bpe]). Fifth, predicted heteroduplex migration values were compared to observed migration values, and iterative rounds of trial and error parameter optimization were performed. Scores for mismatch types ⌬G, ⌬C, G:A, and T:C were defined first in each round of parameter optimization because these types occurred alone in B. anthracis and B. cereus heteroduplexes and their effects were clearly defined. Weights for other mismatch types were reiteratively adjusted to obtain the best correlation (highest R 2 value for a linear regression), ranking order, and lowest average deviation between predicted and observed migration behavior. The adjustment of scores and parameters was further guided (and constrained) by the need for consistency with previous experimental observations (17, 20, 34, 46) and by rational expectations of the effects of different mismatch types.
RESULTS
Convention for data analysis. The migration of heteroduplexes has typically been reported as a percentage of the migration distance of a homoduplex reference. To provide a clearer indication of the electrophoretic separation of the molecules, we report the location of each heteroduplex as a relative DNA fragment length based on comparison with fluorescent DNA size standards (GeneScan 2500; ABI) run in the same lane as the sample. The heteroduplex positions are reported as base pair equivalents instead of base pairs in order to differentiate heteroduplex positions from true DNA fragment lengths.
Analysis of B. cereus, B. thuringiensis, and B. anthracis strains. Figure 1 shows typical heteroduplex profiles of 16S rDNA amplicons from B. anthracis K2991 and B. cereus ATCC 43881. In the 16S rRNA gene region targeted for heteroduplex analysis (E. coli gene sequence positions 629 to 1091), these two strains differed by a single polymorphism at position 980. Amplicons from these strains produced distinct heteroduplex profiles. Each profile contained a homoduplex DNA fragment (the double-stranded probe) and a single predominant heteroduplex peak. The homoduplex was present as a result of incomplete lambda exonuclease digestion of the probe stock (the stock typically contained Ͻ5% residual double-stranded probe). The homoduplex probe was centered at position 461.1 bpe. The probe homoduplex was easily and reliably distinguished from the heteroduplex in each profile due to the engineered deletion at position 343 of the 464-bp probe sequence. For example, in Fig. 1 (Fig. 2) . Among the B. anthracis K2991 replicates, the location of the type A heteroduplex peak ranged from 467.0 to 469.0 bpe (average ϭ 467.8, standard deviation [SD] ϭ 0.44). The location of the heteroduplex peak exhibited a bimodal frequency distribution. The cause of the bimodal distribution is at present unknown. Data spanning the range of the distribution were obtained randomly over time within and between gels and were not the result of GeneScan software tracking or analysis errors. (Fig. 3) . In a background of 5 ng of sequence type B, the detection limit for sequence type A was approximately 100 pg. In other words, sequence type A was detectable in a mixture with sequence type B at a 1:50 ratio. It is important to note that this detection limit describes the ratio of sequences that occur in a mixture after a PCR amplification has been performed. The detection sensitivity for mixtures of genomic DNA prior to PCR has not yet been determined. the profile at positions 468, 471, 483, and 488 bpe corresponded to the locations of peaks observed in the separate heteroduplex profiles of the individual strains (see data above). These results demonstrated the ability of the method to produce a comprehensible profile of a constructed sequence mixture.
To evaluate the complexity of heteroduplex profiles from environmental samples, profiles were obtained for 16S rDNA amplicons from three soil samples from New Mexico, Arizona, and Utah ( Fig. 4B and C) . The New Mexico, Arizona, and Utah heteroduplex profiles contained 12, 11, and 2 peaks, respectively. None of the profiles contained a heteroduplex corresponding to sequence type A or B from B. anthracis, B. cereus, or B. thuringiensis strains. Most of the peaks in the profiles did not correspond to heteroduplex data from any of the 10 Bacillus species examined thus far. In the New Mexico soil heteroduplex profile, the first and second heteroduplex peaks were located at bpe 485 and 489, closely corresponding to the location of B. subtilis-B. amyloliquefaciens heteroduplexes (average, 484 bpe) and B. megaterium-B. flexus heteroduplexes (489 bpe). The remaining 10 heteroduplex peaks in the New Mexico profile included peaks with novel locations ranging from 492 to 537 bpe and one distant peak at 605 bpe. The Arizona soil heteroduplex profile contained a set of 11 peaks located between 484 and 503 bpe, 3 of which had locations matching the location of peaks in the New Mexico soil profile. Based on comparison of three or four replicate profiles for each soil, the average standard deviation of the peak locations was 0.3 bpe, although for peaks located above 570 bpe the standard deviation was 3 bpe. Only two heteroduplex peaks (at 491 and 570 bpe) occurred in the profile from the Utah soil sample, and neither peak corresponded to heteroduplexes from known standards.
Comparison of the profiles clearly showed differences in the composition of Bacillus species in the three soils. Although some of the heteroduplex peak locations in the New Mexico and Arizona soil profiles were similar, the relative abundance of the peaks differed markedly. For example, B. subtilis-B. amyloliquefaciens 16S rDNA sequences appeared to be the most abundant sequence types amplified from Bacillus species in the New Mexico soil sample, whereas in the Arizona soil profile, 16S rDNA from an unknown species (or set of species) produced the largest heteroduplex peak (at position 501 bpe). These results demonstrated the capacity of the heteroduplex method to detect the presence or absence of particular targets (sequence types A and B) while simultaneously providing information about more distantly related (possibly undescribed) relatives in environmental samples.
Soil 16S rDNA clone library. A clone library was constructed from 16S rDNA amplicons from the New Mexico soil sample to evaluate the diversity of sequences comprising the observed heteroduplex profile. Single-pass sequence data were obtained from 45 clones. Comparison of the sequences (each approximately 465 bp in length) with the RDP database yielded similarity scores (S ab values) ranging from 0.53 to 1.00 (median ϭ 0.90), suggesting that some of the sequences may have corresponded to new species not currently represented by sequences in the RDP database.
Of the 45 total sequences, two sequences closely matched Proteobacteria sequences while five others appeared to be affiliated with the Acidobacteria class. These seven sequences each contained between 75 and 86 mismatches with the probe. In experiments with one of the seven clones, a heteroduplex could not be detected in a 3-h run profile (extending to 1,100 bpe) due either to poor hybridization between the highly mismatched probe and target or to extremely slow heteroduplex migration. Thus, these seven sequences were probably not represented by the New Mexico soil heteroduplex profile. This observation suggests a potential advantage of the heteroduplex method: phylogenetically specific heteroduplex profiles can be created even for sequence mixtures containing extraneous sequences. Excluding the 7 clones described above, the remaining 38 clones most closely matched sequences from the gram-positive division, and 34 of these sequences appeared to be affiliated and 740 bpe that did not match the location of peaks detected above the noise threshold in the original soil heteroduplex profile. Figure 5 shows phylogenetic relationships between 31 of the 34 cloned sequences (the missing three sequences were of inadequate length) and closely related Bacillus species. Branching order was unresolved for many of the sequences in Fig. 6 , as was observed previously (6) in a phylogenetic analysis of nearly full-length (Ͼ1,300-bp) 16S rRNA gene sequences from 20 Bacillus species (including all the species shown in Fig. 5 ). Clades with unresolved branching order were therefore shown as paraphyletic lineages. Of the 31 cloned sequences, 13 were closely related to sequences from known Bacillus species as follows: "B. macroides" (one similar clone), "B. pseudomegaterium" (four similar clones), B. subtilis-B. amyloliquefaciens (one similar clone) B. flexus-B. megaterium (five similar clones), and B. circulans (two similar clones). Comparison of heteroduplex mobility data with the phylogenetic tree showed that some sequences belonging to different clades produced indistinguishable heteroduplexes. For example, 12 clones representing four separate clades produced heteroduplexes located between 489 and 491 bpe. These results show that the current heteroduplex assay is incapable of resolving every Bacillus clade. In other words, with the breadth of species detected by the present assay, most of the peaks occurring in a profile cannot be confidently attributed to a single species but instead must be considered to indicate groups of possible species.
Prediction of heteroduplex migration. As shown in Fig. 6A and B, heteroduplex mobility is poorly correlated with the number of SNPs or the genetic distance between the probe sequence and various target sequences. To develop a tool for more accurate prediction of heteroduplex migration, we attempted to estimate relative heteroduplex distortion based on the types, locations, and local T m s of mismatches occurring between a probe and target. Among the set of 47 sequences analyzed, 12 types of mismatches occurred. Two additional categories were created to account for (i) the magnified effect of three or more contiguous mismatches and (ii) clustered mismatches (separated by 1 bp) contributing to destabilization of 5-to 8-bp stretches of DNA. Each category was assigned a weight to account for postulated contributions to duplex distortion. Complementary base pairs were assigned a score of 0. Table 1 lists the categories and weights used (as described in Materials and Methods) to calculate heteroduplex distortion scores.
As shown in Fig. 6 , the calculated distortion scores were better correlated (R 2 ϭ 0.987) with the observed heteroduplex migration data than with mismatch number or sequence similarity values. The average difference between predicted and observed heteroduplex migration results was Ϫ2.85 bpe. The mismatch factors and the weight scales (location and T m scales) presented here significantly improved the match be- tween predicted and observed results compared to previous iterations. Previous iterations included use of the following: (i) no location or T m weight scales, (ii) a location scale with zero weighting for mismatches within 50 bp of an end and full weighting for all other mismatches, (iii) a location scale with a linear decrease in weight from the midpoint to 50 bp from an end, (iv) a T m scale with a linear decrease in weight from the lowest observed T m to various T mmax values, and (v) all combinations of the above location and T m scale options. As shown in Fig. 6C , there are still some large deviations between predicted and observed results. These results demonstrate that although a better fit between predicted and observed results can be obtained by considering mismatch type, mismatch location, and local T m s, an accurate model predicting heteroduplex distortion will require more complexity than the calculation presented here.
DISCUSSION
Comparative analysis of microbial communities in large sets of environmental samples currently depends on use of scanning techniques (e.g., TRF analysis, DGGE, and heteroduplex analysis) that offer high-throughput analysis. Although scanning techniques provide less resolution than cloning and sequencing, they are capable of assessing the diversity of thousands of individuals in a sample simultaneously and summarizing the diversity in a single profile. To adapt heteroduplex profiling as a scanning technique for complex sequence mixtures, we modified the traditional method by using DNA strand-specific fluorescent labeling, probe engineering, and strand-specific exonuclease digestion of probe DNA. Using the modified format, we obtained a simple, rapid assay for monitoring the occurrence of B. anthracis and its close relatives in environmental samples.
The probe described in this study enables confident identification of two subgroups of strains within the B. cereus-B. thuringiensis-B. anthracis group. These subgroups correspond to subgroups defined by amplified fragment length polymorphism (AFLP) analysis. AFLP data have shown that the B. cereus-B. thuringiensis-B. anthracis assemblage consists of five major strain clusters (44) . One cluster, referred to as AFLP The heteroduplex method as a tool for microbial community analysis suffers from some of the disadvantages inherent in all scanning techniques. Scanning techniques assess the diversity of a sequence mixture based on indirect detection of sequence variation. For example, TRF analysis is based on differences in the position of restriction sites among sequences, DGGE relies on differences in the melting behavior of duplex DNA molecules, and heteroduplex analysis exploits differences in the shape and length of DNA heteroduplexes. Not all polymorphisms are detected. Thus, these methods typically underestimate the true diversity of a sequence mixture (13, 26, 29, 31) . With our heteroduplex assay, only 12 defined heteroduplex peaks were observed in a profile of a sequence mixture amplified from a New Mexico soil sample (Fig. 4B) , although by cloning and sequencing, the mixture appeared to contain at least twice as many sequence similarity groups (Fig. 5) . The assay described here has relatively low resolution due to the limited amount of variation occurring in the 16S rRNA gene. That is, the assay divides B. cereus-B. thuringiensis-B. anthracis strains into only two subgroups, and although the heteroduplex peaks generated by these two subgroups can be interpreted unambiguously, the other peaks cannot be so easily interpreted. This problem can be overcome to a great extent by creating assays that target other genes with greater sequence variability (data not shown).
The most significant limitation of heteroduplex analysis arises from the inability of current separation technology to produce tight bands with highly precise migration behavior. For example, the location of a heteroduplex in an MDE gel often spans a 2-bp range when replicate profiles are compared (Fig. 3) . The large margin of error reduces the discriminatory power of heteroduplex profiles. Migrating heteroduplex DNA bands also have broad tailing edges. Due in part to the broad bandwidth, large peaks can easily obscure adjacent small peaks and thereby decrease detection sensitivity. Without improvements in heteroduplex separation technology, the sensitivity of detection of a specific target in the presence of a closely related sequence will continue to be relatively low.
Determining the detection limits of heteroduplex assays in terms of numbers of cells in an environmental sample requires additional work. Such limits depend primarily on the sensitivity of PCR. With the PCR primers described in this study, we measured the 35-cycle PCR detection limit as approximately 0.05 pg of purified B. anthracis genomic DNA (i.e., approximately 10 to 20 cell equivalents per reaction yield a visible PCR amplicon on an agarose gel) but have not yet determined the detection limit for B. anthracis DNA in a complex environmental sample. Following PCR, the limit for detecting a B. anthracis heteroduplex depends both on the absolute quantity of amplified B. anthracis 16S rDNA (at least 10 pg of the amplified B. anthracis sequence is needed) and on its abundance relative to closely related sequences differing by a single polymorphism. We observed a detection limit of 1:50 for B. anthracis 16S rDNA amplicons in the presence of B. cereus 16S rDNA amplicons differing by one polymorphism. This limit appears typical for heteroduplex assays (19) and may arise either from the confounding effects of broad bandwidth during electrophoresis or from competitive hybridization dynamics during probe annealing. For comparison with other techniques, the detection limit for adjacent TRFs differing by only 1 bp is about 1:100 or less (also limited by bandwidth), and a detection limit of approximately 1:50 has been reported for DNA microarrays (47) . Thus, the sensitivity of heteroduplex detection is comparable to that of other profiling techniques.
While the heteroduplex method has limitations, it also has significant advantages. Since heteroduplex assays do not depend on polymorphisms occurring in specific locations, these assays are very flexible in documenting variation in sequence mixtures. The combination of electrophoresis with DNA probe hybridization also turns a traditionally confounding problem (i.e., probe cross talk) into an exploitable asset. Conventional hybridization-based assays are easily confounded by hybridization between a probe and sequences that are closely related to a desired target. This problem is typically unavoidable when highly similar sequences are present in a mixture. However, the electrophoresis component of a heteroduplex assay can clearly differentiate the primary target(s) from secondary targets by sorting probe-target hybrids according to size and shape. A single probe can therefore be used to find sequences closely related to a specific target in environmental samples. This feature makes heteroduplex assays such as the one presented here inherently multiplex. Moreover, heteroduplex assays (unlike other profiling methods) are not hampered by nonspecific PCR amplification of extraneous DNA. These factors make heteroduplex profiling easier to perform and interpret than other profiling methods.
Predicting heteroduplex migration from DNA sequence data is an essential component for enhancing the use of heteroduplex profiling of sequence mixtures. A predictive tool would enable in silico evaluation of the resolution of heteroduplex assays, thereby speeding the design of assays appropriate for different applications. Highsmith et al. (20) suggested that GϩC content and mismatch type are the overriding factors determining heteroduplex migration. However, the effect of a given type of mismatch can vary depending on flanking sequence context (1-3, 9, 17, 20, 28, 34, 36, 39, 41, 46, 49) . In addition, the location (and orientation) of mismatches relative to helical turns and to natural sequence motifs that cause DNA bending can profoundly alter the effect of a particular mismatch type (34) . Nonetheless, we attempted to calculate heteroduplex distortion scores using a relatively simple formula (developed in this study) based on the distribution and types of mismatches expected to occur between probe and target sequences. Our approach was based on the assumption that although the effects of a given type of mismatch may vary, the behavior of heteroduplexes containing many mismatches might be generally modeled based on the average effect of individual types of mismatches. As shown in Fig. 6C , for the sequences used in this study, our approach provided an improved prediction of heteroduplex behavior compared to the use of sequence similarity (15) . Our approach still provides predictions that are too coarse for effective use in the design and evaluation of heteroduplex assays. However, the approach presented here should provide a useful reference point for development of more sophisticated predictive models of heteroduplex migration.
